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I. INTRODUCTION
Type-II self-assembled quantum dots (QDs), where the staggered band lineup spatially separates the electrons and holes, have attracted considerable interests for the exhibition of novel physical phenomena, such as optical Aharonov-Bohm effect in magnetic fields, [1] [2] [3] and the potential application for carrier storage devices. 4 In the self-assembled GaSb QDs embedded in GaAs matrix, holes are strongly localized inside the QDs with a large activation energy of about 450 meV, 4 and the electrons are weakly bound in GaAs regions next to the GaSb QDs by the Coulomb attraction. The magneto-photoluminescence (PL) measurements for this material system have been carried out in the past to investigate the extent of the electron wave function. However, it was usually done in a Faraday configuration, where only the lateral electron-hole (e-h) spatial separation was revealed. [5] [6] [7] [8] Because of the shape of the QDs, where the height is much smaller than the width, electrons are mostly confined in GaAs regions above and below the QDs. 3 Therefore, the optical properties of the excitons in these QDs have stronger dependence on the vertical e-h separation. This separation, however, can only be studied with the magnetic field applied in the Voigt configuration.
In this work, we compared the magneto-PL results of type-II GaSb/GaAs QDs with the magnetic field applied in both the horizontal and the vertical directions. When the magnetic field was applied in a Faraday configuration, the QD emission revealed a typical diamagnetic blueshift along with a slightly decreased PL intensity. However, when the magnetic field was in a Voigt configuration, an unusual redshift in the emission peak accompanied with a rapidly increased intensity was observed. By means of numerical model calculations, this anomalous optical magnetic response is attributed to the reduction of the vertical e-h separation and the resulting increase of the radiative e-h recombination rate in the magnetic fields applied in the Voigt configuration.
II. EXPERIMENT
The GaSb QD sample (Rn283) was fabricated on a GaAs (001) substrate by a Veeco Gen-II molecular beam epitaxy (MBE) system equipped with a valve cracker of Sb 2 source. Nominal 3 monolayers (MLs) of GaSb were deposited at 500 C to form self-assembled QDs. Further details of sample growth have been described in Ref. 9 . The surface topography of the uncapped QDs was measured by an atomic force microscope (AFM) and is shown in Fig. 1(a) . The areal density of QDs was estimated to be about 7 Â 10 9 cm À2 with the average dot height of about 12 nm (62 nm) and the base width of about 55 nm (68 nm). However, the realistic dimensions of the embedded QDs are expected to be much smaller due to the overestimation of AFM. 10 Conventional PL and magneto-PL measurements were performed at 1.4 K with a 14 T superconducting magnet. The sample was excited by Nd:yttrium aluminum garnet (YAG) laser at 532 nm via an optical fiber. The PL signal was collected by a fiber bundle, dispersed by a 320 mm monochromator and detected by an InGaAs photodiode. 
B. Magnetophotoluminescence in a Faraday configuration
The PL spectra have been measured with the magnetic field applied along the growth direction (in a Faraday configuration). Figure 2 displays the emission peak energy shifts of the QDs and the WL as a function of the magnetic field. At low fields, both QD and WL emissions reveal a typical diamagnetic blueshift, which has a quadratic dependence on the magnetic field. The diamagnetic coefficients of the WL emission measured at different excitation powers are almost the same and are about two times those of the QD emission. The much smaller diamagnetic coefficients of the QDs are associated to the increase of the effective mass of the electrons near the QDs due to the strained GaAs lattice by the GaSb QDs. 5, 13 At higher excitation power densities, the GaSb QDs show a somewhat larger diamagnetic shift. Similar results were also observed in Ref. 7 . Besides, as shown in the inset, the integrated PL intensity of the WL increases with the magnetic field due to the additional magnetic confinement to the electrons and the holes. However, the intensity of the QD emission decreases with the field. The cause could be that the magnetic confinement also suppresses the hole relaxation from the WL to the QDs, and hence the carrier concentration in the QDs decreases with the magnetic field.
C. Magnetophotoluminescence in a Voigt configuration
The inset in Fig. 3 presents the PL spectra of the GaSb QDs measured at a laser pumping power density of 20 mWcm À2 in various magnetic fields applied along the in-plane direction (Voigt configuration). An unusual PL redshift accompanied with a rapidly increased intensity is clearly seen. The peak energy shifts of the QDs and the WL measured at different pumping powers are plotted against the magnetic field in Fig. 3 . Very different behaviors were observed between the energy shifts from the QDs and the WL. The QD luminescence exhibits a rapid redshift at low magnetic fields followed by a slow blueshift. The slow blueshift indicates that the diamagnetic increase of the PL energy overcomes this redshift effect at high magnetic fields. On the other hand, the observed redshift of the WL is much smaller. This is due to a larger diamagnetic effect caused by a smaller exciton effective mass in the WL. This redshift effect gets stronger at lower pumping powers for both the QD and WL emissions. At the lowest power density of 10 mWcm
À2
, the maximum of the energy redshift of the QD emission is found to be about À6.5 meV at a magnetic field of 7 T. We marked this value with an arrow in Fig. 3 to be the upper limit of this redshift effect. The anomalous effect seems to have an onset point at low magnetic fields. Figure 4 (a) shows the low field peak energy at different pumping powers. The onset of the redshift appears to be at 1 T and is independent of the pumping power. Figure 4 (b) depicts the integrated intensity normalized to that at a zero field of the QD and the WL emissions. The intensities of both emissions increase rapidly at low magnetic fields and slow down at high fields. The intensity increase of the WL PL is larger than that of the QD PL, probably due to the same reason as that in the Faraday configuration, i.e., the suppression of the hole relaxation from the WL to the QDs by the magnetic field. Similar to the PL redshift effect, this intensity enhancement is stronger at lower pumping powers for both the QD and WL PL. For QDs, the onset point and the upper limit of the rapid intensity increase are estimated to be 1 T and 7 T, respectively, and marked with arrows in Fig. 4(b) . Obviously, there is a correlation between the anomalous energy redshift and the intensity enhancement in the presence of a magnetic field applied in the Voigt configuration.
IV. SIMULATION AND DISCUSSION
In order to interpret the different magneto-optical responses observed in the Faraday and Voigt configurations, a theoretical analysis considering the electron-hole Coulomb interaction in the presence of a magnetic field was carried out. A disk-shaped QD with a layer of WL in a GaAs matrix was used in the calculation. The dot width was 40 nm, the dot height was 8 nm, and the thickness of the WL was 1 nm. The composition of the dot was assumed as GaAs 0.3 Sb 0.7 to account for the partial intermixing of As and Sb atoms during growth. 14 The electron effective mass in the GaAs matrix was taken as 0.12 m 0 owing to the strain-induced enhancement. 13 Other parameters used in the calculation were taken from Ref. 15 where R is the projection of R onto the plane perpendicular to the magnetic field. The calculated ground-state electron and hole wave functions at a zero magnetic field are illustrated in Fig. 5(a) . Holes are found to be localized inside the QD, and electrons are weakly confined in GaAs regions above and below the QD by Coulomb attraction. When the magnetic field is applied, the electron wave function is strongly altered due to the large V BðeÞ arising from the small effective mass and the large wave function extent. The magnetic force acted on the electrons, which is the derivative of V BðeÞ , is marked in Fig.  5(a) . It is found that the magnetic field applied in a Voigt configuration can provide a vertical magnetic confinement to the electrons and hence pushes them to the localized holes.
The vertical e-h spatial separation is calculated as ffiffiffiffiffiffiffi ffi hz 2 e i p (since the hole is localized in the center of the dot, the origin) and is plotted versus the magnetic field in Fig. 5(b) . N h is the hole occupancy of the dot, which determines the magnitude of the Coulomb potential to electrons. At a zero field, the increase of the holes leads to the stronger Coulomb attraction and the resulting decrease of the e-h separation. As the magnetic field is applied in a Voigt configuration, the electron is pushed to the holes by the vertical magnetic confinement, and the vertical e-h separation is hence dramatically reduced. Note that the separation for different N h is almost the same at the high field of 14 T. This is because the confinement from the magnetic potential for the electrons in high fields is much stronger than that from the Coulomb potential. However, in the Faraday configuration, the reduction of the e-h separation is much weaker. The reduction of the e-h separation is expected to enhance the oscillator strength of the radiative e-h recombination, which is proportional to the square of the wave function overlap between electrons and holes. Figure 5 (c) presents the oscillator strength normalized to that at a zero field as a function of the magnetic field. As the magnetic field is applied in a Faraday configuration, the oscillator strength is found to be slightly increased. On the other hand, as the magnetic field applied in a Voigt configuration is larger than 1 T, the oscillator strength gets considerably enhanced. Now, we turn to the explanation of this anomalous magnetic redshift. The power-dependent PL spectra indicate that the exciton energy has a strong dependence on the hole concentration. Since the magnetic field applied in the Voigt configuration enhances the radiative e-h recombination, the holes are depleted by the optical transition and the steady- 4) ). Therefore, when the average hole number per dot is decreased by about 0.7, the average exciton energy will redshift by 6.5 meV, which is the maximum of the observed redshift. Besides, the calculated oscillator strength enhancement is much stronger for smaller N h . This is because the higher hole occupancy of the QDs strengthens the Coulomb interaction and therefore weakens the effect of the additional magnetic confinement to electrons. The simulation results agree with the experimental finding shown in the Figs. 3 and 4(b) , where the energy redshift and the PL intensity enhancement get stronger at lower pumping power.
V. CONCLUSIONS
In summary, we have studied the magneto-optical responses of type-II self-assembled GaSb/GaAs QDs in both Faraday and Voigt configurations. When the magnetic field is applied in a Faraday configuration, a typical diamagnetic response is observed. However, when the field is in a Voigt configuration, the QDs exhibit an anomalous magnetic redshift (with a maximum of the redshift of À6.5 meV) together with a rapid increase of the PL intensity. Besides, both the redshift and the intensity enhancement are stronger at lower excitation power. Based on simulation results, the magnetic field in the Voigt configuration is found to provide an additional vertical confinement and push the weakly-bound electrons to the localized holes. The decrease of the e-h spatial separation leads to the considerable increase of the radiative e-h recombination rate. The resulting decrease of the steadystate hole concentration in the QDs gives rise to the decrease of the exciton energy and the observed anomalous magnetic redshift. Finally, the simulation results also indicate that a higher hole occupancy in the dots induces a stronger Coulomb interaction and therefore weakens the effect of the additional magnetic confinement, which explains the powerdependence of this anomalous redshift. 
